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Abstract 
Penetration performance of a shaped charge is strongly dependent on the axial symmetry of the warhead and any deviance from axial 
symmetry such as inhomogeneity in the explosive fill, dimensional inaccuracies of the liner or off-center initiation causes considerable 
reduction in the performance [1]. Among these defects, off-center initiation is very likely to occur when no precision initiation coupler is 
used in the warhead. Also, under severe environmental conditions, it is possible to have relatively large gaps between the initiation device 
and the main explosive, which may shift the initiation point. It is known that a spherical detonation wave flattens as it travels towards 
unreacted explosive. Therefore, for large length-to-diameter ratio (L/D) shaped charges, the effect of off-axis initiation is expected to be 
less severe compared to small L/D ratio warheads since the detonation wave has more distance to re-orient itself. In this study, off-axis 
initiation of hemispherical shaped charges with moderate to long L/D ratios have been investigated numerically and experimentally. 
Numerical investigations cover a wide range of L/D ratios and initiation points. The tests have been conducted with shaped charges 
having a L/D ratio of 4 and three different initiation points. Flash X-ray radiography was used to determine the deviation of the jets from 
the symmetry axis. 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Hypervelocity Impact Society. 
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Nomenclature 
CD charge diameter 
L/D length to diameter 
1. Introduction 
The shaped charge warheads have been used extensively against armored vehicles or structures. The variables and 
 
The charge length is one of the parameters, which is important to transfer sufficient energy to the shaped charge liner. As 
the cost is concerned, it should be small enough to comprise sufficient explosive amount. Generally, it is desired to decrease 
the amount of the explosive fill in shaped charges. However, when the fragmentation effects are to be increased, large 
length to diameter ratio L/D warheads can be utilized. In case of multi-purpose warheads, the charge length can be 
untraditionally large to include all desired effects. For example, the pre-formed fragments can deteriorate the detonation 
wave before the jet is formed in small charge length warheads. Increasing the charge length is one of the solutions in order 
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to eliminate such effects. For low cost rockets, the increase in the cost due to the amount of the explosive can be disregarded 
because of increase in the multi-purpose performance. 
Hemispherical shaped charges can be used against relatively lightly armored vehicles due to the relatively large jet 
volumes penetrating inside despite their lower jet velocities with respect to other shaped charge geometries like conical, 
trumpet etc. under similar conditions. Jet formation of a typical hemispherical shaped charge can be completed at relatively 
short standoff distances which may be an advantage in case locational problems exist. 
2. Tests, Results and Discussions 
2.1. Shaped Charge Configurations and Hydrocode Mode 
Shaped charge configurations used for the hydrocode analyses had hemispherical copper liners and aluminum 
confinement and were filled with PBXN-110 explosive charge as seen in Fig 1. The thickness of the liner in each 
configuration is ~2% of the charge diameter (CD) and the confinement thickness is ~10% CD. Within the scope of this 
study, the effect of eccentric/off-axis initiation in shaped charge jet characteristics were investigated for moderate to high 
L/D ratio shaped charge configurations, namely L/D from 2 to 4. 
Analyses were performed through the nonlinear dynamics software AUTODYN® utilizing the 3D multi-material Euler 
solver. In order to decrease the number of computational cells, one-plane symmetry of the models was utilized and a non-
uniform grid stretching from 0.65x0.25x0.25 mm3 tetragonal cells to 0.25 mm3 cubic cells were used throughout the Euler 
grid. Material models for copper liner and aluminum casing were taken from the standard library of AUTODYN®. JWL 
equation of state parameters for PBXN-110 explosive were taken from [2].  
In the analyses, the effect of off-center initiation was determined by comparing the radial drift velocities (i.e. off-axis 
velocities) along the axis and also by comparing the difference in the velocities of two symmetric points on the collapsing 
s 180-degree apart from each other. In order to generalize the data, 
radial drift and liner collapse velocities were normalized by the jet tip velocity of the baseline shaped charge configuration 
which has a perfectly central initiation.  
The effect of off-axis initiation was investigated for shaped charges with L/D ratios varying from 2 to 4 by shifting the 
initiation point from the center through a distance d varying from 0.05 CD to 0.16 CD (Fig 1). The complete list of the 
analyses is given in Table 1. 
 
 
Fig. 1. Shaped charge configurations used in the analyses. 
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Fig. 2. Locations of the gauge points in the hydrocode model with respect to the liner. 
 Table 1. List of the analyses performed. 
L/D Off-axis initiation distance 
4.0 0.05 CD 
4.0 0.08 CD 
4.0 0.11 CD 
4.0 0.16 CD 
3.5 0.08 CD 
3.0 0.08 CD 
2.5 0.08 CD 
2.0 0.08 CD 
2.2. Test setup 
Besides the numerical simulations, three experiments were conducted with the shaped charge configuration having a L/D 
ratio 4 with pre-formed fragments. In these experiments, the test items were initiated eccentrically with three different off-
axis initiation distances as 0.05, 0.11 and 0.16 CD. In the experiments, the deviation of the jet from the axis of symmetry 
was determined by flash X-ray radiography. Some general views from the test setup are shown in Fig 3, where the following 
items are marked: 
 Shaped charge warhead, 
 Ionization wire which is a twisted isolated copper wire used to trigger the flash X-ray system, 
 Steel witness block to measure jet penetration,  
 Laser pointer which was used to align the warhead axis with X-ray films, 
 450 kVA and 300 kVA flash X-ray tubes. 
 
2.3. Results of analyses 
The first set of analyses were performed with the shaped charge having a L/D ratio of 4.0 by shifting the initiation point 
from the center through a distance d varying from 0.05 CD to 0.16 CD, as given in Table 1. As stated earlier, the effect of 
off-axis initiation was determined by two ways: (i) by comparing the radial drift velocities along the axis, (ii) by comparing 
the difference in the collapse velocities. 
Figures 4 and 5 illustrate the change in normalized radial drift velocities by increasing the shift distance d of the initiation 
point from the center. It can be seen that radial drift increases with increasing asymmetry of the shaped charge, i.e. 
increasing distance d, as expected. Here, the radial drift velocities were kept with their true signs (+/-) in order to illustrate 
the fluctuating nature of the jet along the axis due to asymmetry. 
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Fig. 3. The setup used in flash X-ray radiography tests. 
 
Fig. 4. Change in normalized radial drift velocities by increasing eccentricity, measured at Gauge A1 and A2. 
 
Fig. 5. Change in normalized radial drift velocities by increasing eccentricity, measured at Gauge A3. 
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For a perfectly symmetric shaped charge, the collapse process should also be symmetric and there should be no 
difference between the radial components of the collapse velocities of two symmetric points on the liner. However, since the 
symmetry of the shaped charge is disturbed here by shifting the initiation point from the center, the collapse processes of 
any two symmetric points on the liner are not synchronized anymore. This unsynchronized collapse process can be observed 
from the y-velocity measurements of two symmetric gauge pairs, an example of which is given in Fig 6.  
Fig 7 and Fig 8 illustrate the normalized difference in collapse velocities of gauge pairs L shown in Fig 2. It can be seen 
that by increasing the shift distance d of the initiation point from the center, the difference in the collapse velocities at the 
radial drift increases with increasing asymmetry of the shaped charge, i.e. increasing distance d, as expected. 
 
Fig. 6. Radial components of collapse velocities of two symmetric points on the liner - difference due to asymmetry. 
 
Fig. 7. Difference between collapse velocities of symmetric gauge pairs L1 and L2  change by increasing eccentricity. 
 
Fig. 8. Difference between collapse velocities of symmetric gauge pair L3  change by increasing eccentricity. 
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In addition to the radial drift and collapse velocity data, the analyses provide visual evidence of the increased jet 
deviation due to increasing asymmetry, i.e. shifting the initiation point further away from center. Fig 9 illustrates deviations 
of the jets from the axis for shaped charge configuration with L/D of 4 when the initiation point is shifted from the center by 
a distance of 0.05, 0.11 and 0.16 CD. 
The second set of analyses were performed by changing the L/D ratio of the shaped charge configuration between 2 to 4 
and shifting the initiation point by a constant distance of 0.08 CD, as listed in Table 1. In this set of analyses, it is intended 
to determine the effect of the L/D ratio on the shaped charge jet deviation, for which a constant amount of asymmetry exists.  
Again the different shaped charge configurations were compared by using the radial velocity and collapse velocity data.  
Fig 10 and Fig 11 give the normalized radial drift data with varying L/D ratio of the shaped charge. As expected, an 
increasing L/D ratio helps to compensate for the negative effects of off-axis initiation, i.e. radial drift decreases. Such a 
trend can be observed in general from the collapse velocity data as given in Fig 12 and Fig 13. 
 
 




Fig. 10. Change in normalized radial drift velocities by varying L/D, measured at Gauge A1 and A2. 
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Fig. 11. Change in normalized radial drift velocities by varying L/D, measured at Gauge A3. 
 
 
Fig. 12. Difference between collapse velocities of symmetric gauge pairs L1 and L2  change by decreasing L/D. 
 
Fig. 13. Difference between collapse velocities of symmetric gauge pair L3  change by decreasing L/D. 
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Similar to the previous set of analyses, Fig 14 illustrates deviations of the jets from the axis for shaped charge 
configuration with L/D of ratio varying from 2 to 4. It is seen that the shaped charge with L/D ratio 2 has the largest 
deviation from the symmetry axis. 
2.4. Results of the tests 
Three experiments were conducted with the shaped charge configuration having L/D ratio of 4 with three different off-
axis initiation distances as 0.05, 0.11 and 0.16 CD. In the experiments, the deviation of the jets from the axis of symmetry 
was determined by comparing the imaginary centerline of the jets with a horizontal line on the X-ray films, and the angle 
to be correct, the test items were aligned perfectly with respect to the test setup, especially X-ray films, before exposure, so 
that any deviation of the jet from horizontal is caused by the asymmetry of the shaped charge itself. Fig 16 shows the flash 
X-ray images of the three tests conducted and the deviation angles are given in Table 2. Due to poor quality of X-ray image, 
the jet obtained with 0.11 CD off-axis initiation was outlined in Fig 16 to provide a good visualization. 
 
Fig. 14. Numerical jet deviations for L/D = 2, L/D = 3 and L/D = 4 (off-axis initiation distance d=0.08 CD) @ 0.13 ms after initiation. 
 
Fig. 15. Determination of jet deviation from the axis of symmetry. 
 
Fig. 16. Jet deviations for d = 0.05 CD, 0.11 CD and 0.16 CD  obtained experimentally. 
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As seen from Fig 16 and Table 2, it is not possible to obtain a direct correlation between jet deviation and off-axis 
initiation distance from test data. Yet, it is evident that the largest jet deviation in test #1, where the off-axis initiation 
distance is minimum, is not caused by off-axis initiation alone. Therefore, it can be concluded that even in the presence of 
very large off-axis initiation distances, defects such as voids in the explosive fill or irregularities on the inner surface of the 
shaped charge due to pre-formed fragments are more dominant since they are closer to the liner. Although it is not possible 
to determine the effect of off-axis initiation alone from the test data, one can still conclude that a large L/D ratio tends to 
compensate for the effects of off-axis initiation. 
 Table 2. Jet deviations obtained in the tests. 




0.05 CD 0.86  
0.11 CD 0.46  
0.16 CD 0.71  
3. Summary 
In this study, off-axis initiation of hemispherical shaped charges with moderate to long L/D ratios have been investigated 
numerically and experimentally. The numerical investigations cover a wide range of L/D ratios and initiation points. The 
tests have been conducted with shaped charges having L/D ratio of 4 and three different initiation points. Flash X-ray 
radiography is used to determine the deviation of the jets from the symmetry axis. 
Analyses with large L/D (L/D = 4) shaped charges revealed that the radial drift velocities of the jet increase as the off-
axis initiation distance increases, which can be also seen by comparing the difference in the velocities of collapsing liners. 
For shaped charges with relatively smaller L/D ratios (2-3), analyses with 0.08 CD constant off-axis initiation distance show 
an increasing pattern in radial drift velocities due to smaller distances between the asymmetry and the liner. For these 
relatively small L/D configurations, the detonation wave has a smaller distance to reorient itself before it reaches the liner.  
The experiments revealed no direct correlation between jet deviation and off-axis initiation distance, yet they showed that 
even in the presence of very large off-axis initiation distances, defects such as voids in explosive fill or irregularities on 
inner surface of the shaped charge due to pre-formed fragments are more dominant since they are closer to the liner. One 
can conclude that a large L/D ratio tends to compensate for the negative effects off-axis initiation. Although a limited 
number of experiments were conducted, they provided useful information about the behavior of large L/D shaped charges in 
the presence of off-axis initiation. 
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